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Abstract
This thesis entitled "Chemoenzymatic Synthesis of Some Bioactive Compounds" is divided into four chapters. Chapter I is a presentation of introduction to enzyme catalysis in organic synthesis: principles, methods and applications, with special reference to the lipases. Chapter II describes the synthesis and lipase catalyzed resolution of a-hydroxylactams. Chapter III deals with the synthesis of vasicinone and its analogues, known for its bronchodilation activity. This chapter describes two aspects, firstly, an improved synthesis of ring fused [2,1-b]quinazolinone system and secondly the synthesis and lipase catalyzed resolution of vasicinone. Chapter IV comprises of the synthesis of 3-substituted 1,4-benzodiazepine-2,5-diones. These compounds are well known for their biological importance and also have been often employed as precursors towards the synthesis of ligands for a number of biological receptors. 
Chapter-I Enzymes are the subset of proteins that catalyze the biochemical reactions, transforming both macromolecular substrates and small molecules. As a result of the combination of a highly chiral architecture, and a multipoint interaction with substrates most enzymes promote enantioselective catalysis. Thus, enzymes are being recognized and developed as practical alternatives to traditional organic synthesis especially as convenient solutions to some intractable synthetic problems. Enzymes from different classes such as oxidoreductases, peroxidases, lyases, transketolases hydrolases etc., have been used for various organic transformations. Amongst these, lipases from the super family of hydrolases have been frequently used as convenient, efficient and economical biocatalysts for asymmetric synthesis of a wide range of alcohols and esters. Thus, the resolution of racemates catalyzed by lipases has been the most abundantly studied technique. Lipases contain a helical oligopeptide unit that shields the active site, most often referred to as the lid. Interaction of the lid with a hydrophobic interface exposes the active site to the substrate. The active site consists of the catalytic triad composed of serine, histidine and aspartate. The enzyme substrate interaction leads to the formation of the products through the formation of crucial acyl-enzyme complex intermediate. Lipases are ubiquitous esterases present in most organisms and are commercially available from sources like rice bran, Porcine pancreas, Candida sp., Pseudomonas sp., Aspergillus sp., yeast etc. Pioneering work by Klibanov et al., has enhanced the utility of enzymes especially the lipases, by using them in organic solvents. Instances where lipase hydrolysis is suppressed by the addition of alternative nucleophiles such as alcohols, amines and thiols in near anhydrous organic solvents have greatly increased the scope of lipases in organic synthesis. Recently, lipases have been reported to retain their activity and sometimes offer better selectivities in presence of unconventional media viz., the ionic liquids and supercritical fluids. Additionally, immobilization, site directed mutagenesis and DNA shuffling techniques have increased the application of lipases in the modern organic synthesis laboratories and industries. In this endeavor, lipase from Pseudomonas putida has been effectively used for the resolution of vasicinone by both transesterification and hydrolytic methods. Alcoholysis has been adapted for the resolution of the pyrido- analogue of vasicinone and 3-acetoxy lactams. Baker's yeast has been another important biocatalyst extensively used for the reduction of various prochiral organic substrates. Due to the ease of handling and broad substrate specificity compared to the other whole cell systems, baker's yeast has been the most preferred biocatalyst for organic transformations. Additionally baker's yeast being a whole cell contains different enzymes and thus has been reported for various transformations such as hydrolysis, C-C bond formations and different cyclization reactions leading to sterols and imidazoquinazolines. Recently, reduction of aryl azides to their corresponding amines has been reported from this laboratory. Interestingly, the reduction of azide functionality followed by intramolecular condensation of the amine with a carbonyl group from proline methyl ester moiety, affording a convenient synthesis of pyrrolo[2,1-c][1,4]benzodiazepines has been reported. In continuation of these efforts, baker's yeast mediated synthesis of ring fused [2,1-b] quinazolinones involving azido reductive cyclization has been carried out. This cyclization has also been achieved employing in situ generated iodotrimethyl silane from chlorotrimethylsilane and sodium iodide. Application of these methods to the N-(2-azidobenzoyl) amino acid methyl esters did not yield the expected 1,4-benzodiazepine-2,5-dione products. However, the desired 1,4-benzodiazepine-2,5-diones have been obtained employing in situ generated HI from sodium iodide and acetic acid reagent system. 
Chapter II Compounds containing hydroxylated five and six membered nitrogen heterocycles are widespread in nature and are components of many biologically active compounds. a-Hydroxylated lactams viz., 3-hydroxy-2-pyrrolidinone (1) and 3-hydroxy-2-piperidinone (2), their occurrence, applications and synthesis have been well reported in the literature. 3-Hydroxypyrrolidinones of the general formula 3 exhibit valuable pharmacological and biological properties, particularly as cognition activators, which have attracted much pharmacological interest due to their low toxicity. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a68_figureNO1.jpg" \t "_blank​) Compounds 1 and 2 have been found in nature as a core component of naturally occurring compounds that have various activities. Most prominent examples of such occurrence have been evident in the case of pyrrolizidine class of alkaloids, quinazolines and carbolines. Additionally, these compounds have been used as precursors and linkers for the synthesis of bioactive natural products and drug molecules, for example vasicinone. Most of the synthetic methods for g and d lactams reported in the literature have been low yielding owing to the formation of side products. Burger et al., have reported the synthesis of only one enantiomer, viz., the compound (S)-1 from (S)-malic acid an inexpensive starting material, while (R)-malic acid required for the synthesis of the compound (R)-1 is an expensive starting material. The synthesis relies on the use of reagents that are expensive and not easy to handle, which makes it less preferable for a preparative scale. Alternately, the enzymatic route for the synthesis of lactams 1 and 2 reported by Wills et al., though stands out as an excellent example, has some disadvantages like longer reaction times (as long as seven days) and the use of purified BS-LDH and SE-LDH enzymes for the reduction. The required cofactors are expensive and need to be recycled with another parallel enzyme reaction in the same pot. The reuse of these enzymes and cofactors is often essential and has been known to complicate the scale up reaction parameters and raise the overall cost of the process. Thus, both these reports fall short of the practical application for a preferable route for the synthesis of this class of compounds. Lipases, from the plethora of hydrolases, have been reported to show exceptionally high catalytic activity in organic solvents of low water content. In such reaction systems, the addition of alternative nucleophiles such as alcohols, amines and thiols leads to transesterification, aminolysis and thioesterification respectively which are obviously suppressed in aqueous media. In cases wherein insufficient stability, high water solubility, low functional group selectivity is observed or may be anticipated, alcoholysis has been a valuable alternative to hydrolysis. These reactions have been carried out in solvents like hexane, diisopropyl ether, t-pentyl alcohol, toulene etc., while propanol and butanol have been used as nucleophiles for alcoholysis. When a large excess of alcohol is used the enantioselectivity and yields have most often been found to be higher than in hydrolysis reactions. Factors effecting alcoholysis for example, the size and shape of the alcohol etc., on the enantiomeric selectivity and reaction rate have been well understood. Thus, it was found suitable to resolve 3-acetoxylactams 4 and 5 employing lipase-mediated alcoholysis as indicated in Scheme 1. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a68_figureNO2.jpg" \t "_blank​) 3-Acetoxy lactams 4a-d and 5a-d have been obtained from corresponding lactones 6 and 7 as shown in Scheme 2. Lactones have been treated with red phosphorous and bromine to yield tribromo products 8 and 9. Compounds 8 and 9 obtained have been purified once, by distillation before using them for the next reaction. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a68_figureNO3.jpg" \t "_blank​) 
Tribromo compounds 8 and 9 on treatment with different amines yielded amides 10 and 11, which cyclised to bromo lactams 12 and 13 in the presence of NaH. In this step, lactams 12a and 13a have been obtained in 40% yields while the rest of the compounds 12b-d and 13b-d were obtained in 70 - 88 % yields. A milder base, triethyl amine has been employed instead of NaH, which did not yield the required product. Subsequently, 3-acetoxy lactams 4 and 5 have been obtained from bromo lactams 12 and 13 respectively, by the nucleophilic displacement of bromo group by KOAc in acetonitrile in the presence of 18-crown-6. Acetates 4 and 5 thus obtained have been converted to the corresponding racemic alcohols 1a-d and 2a-d on treatment with K 2 CO 3 in methanol. Employing MgBr 2 .Et 2 O and triethyl amine reagent system, amides 10a and 11a have been converted to lactams 12a and 13a respectively in 70% yields. Additionally, reaction of tribromide 8 with amide 14 afforded the lactam 15 directly in presence of MgBr 2 .Et 2 O and triethyl amine in 65 % yield, as shown in the Scheme 3. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a68_figureNO4.jpg" \t "_blank​) 
Lactam 15 has been converted to acetate 4e according to the procedure employed for the bromo compounds 12 and 13. Earlier, a method for N-acylation of amides employing MgBr 2 .Et 2 O and triethyl amine has been reported by Yamada et al. Formation of N-acylmagnesium amide intermediate has been proposed, to drive the reaction towards N-acylation. Formation of similar intermediates may be expected to catalyze the reaction performed in this work. The acetates 4 and 5 thus obtained have been resolved using lipase mediated alcoholysis. Initially, lactam 4a has been resolved employing lipases from different sources, in THF with 2-propanol as nucleophile as shown in Scheme 1. The conversion of the acetate 4a to compound (S)-1 has been achieved by employing the immobilzed lipases from Pseudomonas cepacia viz., lipase PS-C 'Amano', immobilized on chemically modified ceramic and lipase PS-D 'Amano', immobilized on diatomaceous earth in 18 h and 24 h respectively. Interestingly, lipase from the same source without immobilization has not been found to catalyze the reaction efficiently. Lipase PS-C 'Amano' has been found more suitable for the resolution since the products, alcohol (R)-1 and acetate (S)-4 were obtained with >99 % ee at 50 % conversion while lipase PS D 'Amano' afforded compound (R)-1 with 50 % ee at 40 % conversion. The enantiomeric excess has been obtained by chiral HPLC and the configurations were assigned by comparing the observed rotation data with the literature reports. Further, to study the effect of the N-substitution on the resolution, the above conditions have been applied to acetates 4b-e and 5a-d as shown in the Scheme 1. Acetates 4b-e and 5a-d have been resolved using the above conditions employing lipase PS-C 'Amano' to obtain the products 1b-e and 2a-d with enantiomeric excess ranging from 55% to >99 %. The compounds 4e and 5a-c have been converted to their corresponding products at 45 o C, while the other acetates were converted to their products at room temperature. In this study, the reaction rates for the resolution of the substrate 5d have been found to decrease on changing the solvent from polar acetonitrile to non-polar toluene. Similar trend has also been observed on changing the alcohol from methanol and ethanol to 1-propanol. However, 2-propanol in THF has been found to be the best combination for alcoholysis in the case of compound 5d employing lipase PS-C 'Amano'. The differences in the temperature, reaction rates, effects of solvents and nucleophiles in the resolution of acetates 4a-e and 5a-d may be attributed to a cumulative effect of interactions between lipase, substrate, carrier, solvent and the nucleophile working in tandem. Such interactions include the micro and macro environmental effects that have been reported to play a significant role in controlling the reaction rates and reducing the volumes of the reactions being catalyzed by the immobilized enzymes. In conclusion, an efficient resolution for compounds 1 and 2 has been achieved employing lipase PS-C 'Amano' mediated alcoholysis method applied to the substrates 4 and 5 with 2-propanol as the nucleophile. 
Chapter III Vasicinone (16) and 3-deoxyvasicinone (17), are two pyrrolo[2,1-b]quinazoline alkaloids isolated from the aerial parts of Adhatoda vasica (family: Acanthaceae; Sanskrit-Vasaka) an evergreen subherbaceous bush used extensively in indigenous herbal medicine for cold, cough, bronchitis and asthma. The related pyrrolo[2,1-b]quinazoline alkaloids namely, vasicinolone, vasicine, pegamine etc., have also been isolated from these types of plants. Most of these quinazoline alkaloids are known to possess a broad spectrum of pharmacological activity particularly the bronchodilatory activity. In the literature, a series of analogues of vasicinone have recently been synthesized and evaluated for their bronchodilatory activity. Deoxyvasicinone 17 has been considered as a precursor for the synthesis of vasicinone. It has been prepared by various methods like the cycloaddition of anthranilic acid iminoketene to a methyl butyrolactam (via sulfinamide anhydride), intramolecular aza-Wittig reaction using PPh 3 and PBu 3 etc. Racemic vasicinone has been synthesized from deoxyvasicinones by bromination with NBS followed by acetoxylation with NaOAc-AcOH treatment and lead tetraacetate free radical oxidation. In the present work, an azidoreductive cyclization of N-(2-azidobenzoyl) pyrolidin-2-one (21) yielding pyrrolo[2,1-b]quinazolinone system employing TMSCl-NaI under mild conditions in quantitative yield has been described, as shown in Scheme 4. Further the cyclization of similar N-(2-azidobenzoyl) lactams 22 and 23 to obtain the corresponding pyrido- and azepino- quinazolinones 18 and 19 has also been achieved. The appropriate precursors 21-23 have been prepared by coupling 2-azidobenzoic acids 20a-c with their suitable lactams. These precursors upon reductive cyclization employing TMSCl-NaI afforded the corresponding [2,1-b]quinazolinones with quantitative yields in 10-15 min at room temperature. Recently, the reduction of aryl azides to corresponding aryl amines employing baker's yeast has been reported from this laboratory. In continuation of these efforts, the reductive cyclization of lactams 21-23 to pyrrolo-, pyrido- and azepino-[2,1-b]quinazolones (17-19) employing baker's yeast has been achieved in 35-45% yields, as depicted in the Scheme 4. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a68_figureNO5.jpg" \t "_blank​) 
Scheme 4 
Since most of the literature methods describe the synthesis of racemic vasicinone 16, an improved synthesis and lipase catalyzed resolution of compound 16 has been envisaged. In this work, vasicinone has been synthesized from compound 17a as depicted in the scheme 5, by its NBS bromination to obtain the bromo compound 24a in 57% yield. This upon treatment with KOAc in presence of 18-crown-6 gave the desired product 26a in quantitative yields, while the reported procedures for acetyl vasicinone have been low yielding. This has been extended for the syntheis of vasicinone analogues 26b and 27a-b. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a68_figureNO6.jpg" \t "_blank​) Alternately, racemic vasicinone 16, obtained by the treatment of 26a with NaOH, has been resolved by transesterification with different lipases. It has been observed that lipase from Pseudomonas putida (Amano PS) gives the best results from the conversion as well as enantiomeric excess point of view as depicted in Scheme 7. Based on these findings, a variety of solvents have been investigated for the resolution of vasicinone by transesterification using vinyl acetate to understand their role in this process. It has been observed that THF followed by toluene and diisopropyl ether provide desirable conversions with good selectivity. In this method, acetate (R)-26a has been obtained in >99% ee employing lipase PS Amano in THF. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a68_figureNO7.jpg" \t "_blank​) Further, continuing with the resolution of pyrido analogues of vasicinone, transesterification of 6-hydroxy-6,7,8,9-tetrahydropyridoquinazolin-11-one (28a) has been performed. The transesterification and hydrolysis of the hydroxy compound 28a and acetate 27a respectively, did not show any significant stereoselectivity. Alternately, alcoholysis has been opted for the resolution of acetate 27a employing different lipases in diisopropylether with isopropanol as the nucleophile as shown in the Scheme 8. In this lipase screening, it has been observed that the lipase PS 'Amano' i.e. lipase from Pseudomonas cepacia immobilized on chemically modified ceramic gave the best resolution. Surprisingly, the acetate (S)- 27a has been obtained with >99% ee and the alcohol 28a with 0% ee, which indicates racemization of the product during or after alcoholysis. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a68_figureNO8.jpg" \t "_blank​) 
Further, continuing this study, different solvents have been employed as a reaction medium for alcoholysis. Similar racemization has been observed in the case of reactions employing toluene as the solvent but interestingly such a result was not observed in the reactions employing THF, yielding >99% ee for both the products. A reaction employing isopropanol as the solvent has been found to proceed without selectivity. Therefore, the chloro analogue 27b has also been resolved employing lipase PS-C 'Amano' and isopropanol in THF affording the same result. Chapter IV Asperlicin (29), a CCK inhibitor, has been isolated by Chang et al., from Aspergillus alliaceus strain (ATCC 20655) and a quinazolinobenzodiazepine structure was assigned. The activity studies of compound 29 indicated an affinity for pancreatic, ileal and gall bladder CCK receptors nearly 300 to 400 times more than proglumide, a standard agent of this class. Evans et al. has suggested, that the core benzodiazepine moiety resembles 5-phenyl-1, 4-benzodiazepine ring (eg., diazepam 30), an effective peptide receptor ligand for the antianxiety benzodiazepine receptor 
Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a68_figureNO9.jpg" \t "_blank​) Evans et al., conducted a detailed structure-activity study to arrive at structure 31, as a potent CCK inhibitor. The study concluded by grouping the benzodiazepine core inherent in both compounds 30 and 31 along with similar structure cores that are known to afford ligands for different receptors only by minor structural variation under a common class termed as "Previleged Structures". This class of benzodiazepines has been reported to exert the biological activities especially in the CNS, by affecting either the interneuronal signalling or ion transport systems. Such an effect has been understood to arise from their interactions with the benzodiazepine receptor, an allosteric modulatory site on GABAA receptor. Dopamine receptors, a-1-adrenoreceptors belonging to the broad class, of the G-protein coupled receptors (GPCRs) have been reported to play a major role in the activities of benzodiazepine ligands. However, other mechanisms and roles of other receptors have also been reported. For example, DNA intercalation mechanism has been reported for the antitumor ligands namely, the pyrrolobenzodiazepine class of compounds. A subset of the benzodiazepines, 1,4,-benzodiazepine-2,5-diones (32) have attracted special focus for their biological activity and as precursors for various other biologically active ligands. The main disadvantage of poor solubilities with this class of compounds has been over come by N 1 i0 -glycosylation. Ettmayer et al., identified 7-acylamino[1,4]benzodiazepine-2,5-diones as orally active low molecular weight compounds for the treatment of allergic diseases. Employing high throughput screening methods for inhibitors of IgE synthesis in human B-lymphocytes, compound 33 has been obtained as the best antiallergic drug candidate. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a68_figureNO10.jpg" \t "_blank​) 1,4-Benzodiazepine-2,5-dione core 32 has been found in a number of natural products. Cyclopenin has been isolated from Pencillium cyclopium and Penicillium vindicatum, by Bracken et al., and Brickinshaw et al., respectively. Additionally, another member from this class of structures, the pyrrolo[2,1-c][1,4]benzodiazepine antitumor antibiotics (eg., tomaymycin) are well known class of sequence selective DNA binding agents derived from various Streptomyces sp. Several methods have been reported for the synthesis of 1,4-benzodiazepine-2-5-diones class of compounds. Most of these methods employ expensive reagents or drastic reaction conditions especially high temperatures for prolonged duration. In this endeavor, development of facile and milder methods for the synthesis of these compounds has been envisaged. In the earlier part of this work, synthesis of deoxyvasicinone and its analogues have been achieved employing baker's yeast and TMSCl-NaI reagent system as alternates for the aza-Wittig reaction. In continuation of this work, the initial attempts to synthesize diones 32 from N-(2-azidobenzoyl) amino acid methyl esters 34a-i, employing baker's yeast did not yield the expected products. Spectral analysis of the products revealed the products to be corresponding N-(2-aminobenzoyl)amino acids. This indicated the reduction of the azide functionality to the corresponding amine and simultaneous amino acid ester hydrolysis. Therefore, the azidoreductive cyclization observed in the synthesis of vasicinone has not been successful with these substrates. Further, the application of in situ generated iodotrimethylsilane from TMSCl-NaI yielded the corresponding amines. Identical products have been obtained by replacing this reagent system with dichlorodimethysilane-sodium iodide. Alternately, continuing with the earlier attempts towards the azidoreductive cyclization of compounds 34, in situ generated HI from sodium iodide in acetic acid has been envisaged as depicted in Scheme 9. In this work, azides 34a-i have been treated with sodium iodide in acetic acid at reflux for 12 h to obtain the diones 32a-i in 75-80 % yields. The products exhibited significant optical rotation. The chiral HPLC analysis of diones 32g-h indicated <5 % racemization. Additionally, this azido reductive approach has been extended to the synthesis of pyrrolo[2,1-c][1,4]benzodiazepines from N-(2-azido-5-methyl/4-chloro-benzoyl) proline methyl ester substrates. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a68_figureNO11.jpg" \t "_blank​) Scheme 9 The cyclization reaction employing sodium iodide has been found advantageous over the earlier aza-Wittig reactions since this method employs economical reagents, viz., acetic acid and sodium iodide while yielding cleaner products in good yields. Additionally, unlike in the previously reported azido reductive reaction, diones 32 have been obtained instead of the iminoether intermediates. Thus, this method offers an efficient and facile alternate to the aza-Wittig reaction without any significant racemization. 


